Abstract. Histologically verified pairs (n = 10) of pancreatic tumors and non-neoplastic tissues were used for quantitative real-time PCR and the stability of 24 reference genes was analyzed with geNorm and NormFinder software. Raw Cq values correlated with the degree of RNA degradation. This correlation was abolished by normalization to Cq of 18S endogenous control gene. Both geNorm and NormFinder programs suggested EIF2B1, ELF1, MRPL19, and POP4 as the same most stable genes. We have thus identified suitable reference genes for future expression studies in pancreatic carcinoma. Normalization method reducing the effects of RNA degradation on the quality of results was also developed.
Introduction
Pancreatic cancer is the fourth leading cause of cancer death in the United States [1] as well as in the Czech Republic [2] . It has a dismal five-year survival less than 5% [3] , primarily related to the fact that diseasespecific symptoms occur late in the course of the disease. Pancreatic cancer belongs to one of the most difficult conditions to treat [4] and its etiology and molecular pathogenesis is still poorly understood.
Gene expression profiles are commonly used for identification of groups of genes involved in specific functional aspects of tumor biology and for the development of candidate biomarkers [5] . A number of methods have been developed to study gene expression.
The relative quantification by real-time PCR method (qPCR) is adequate strategy for most purposes where investigation of physiological changes in gene expression levels is conducted [6] [7] [8] . There are several essential requirements for successful expression analysis. The first and crucial step is correct sample collection, handling and preparation [9] . By the time of diagnosis no more than 20% of patients with pancreatic carcinoma have surgically operable disease [10] . Thus, sampling in large specialized centers rather than in numerous smaller surgical departments is necessary for practical reasons. Typically, pancreatic tumors have low neoplastic cellularity and a predominance of nonneoplastic fibrous (or desmoplastic) stroma. This is rather unique to duct adenocarcinomas of the pancreas; in contrast to infiltrating carcinomas arising in other organs. To overcome this obstacle potentially leading to spurious results, two approaches are generally used. Firstly, microdissection or other methods of purification of the epithelial component are utilized. Second- ly, differences between macrodissected pancreatic tumors and non-neoplastic control tissues and eventually specimen from patients with chronic pancreatitis as an intermediate group are analyzed with stable cell lines as correctors [11] . In pancreatic tissues specifically, high-quality RNA preparation as the prerequisite condition for successful analysis presents an extremely difficult challenge. Subsequent assessment of RNA quality and quantity is the next critical step in expression analysis [6] . Pancreatic tissues contain a large amount of endogenous RNAses. RNAses are a major secretory product of normal pancreatic acinar cells and cause extensive degradation of mRNA in pancreatic tissues. Moreover, there is a frequent loss of acinar cells during development of infiltrating pancreatic cancers due to atrophy or destruction of the gland by the tumor growth [11] . The content of RNAse secreting cells thus may vary among tumors. Thus for laboratories aiming at expression profiling of pancreatic cancer, it is essential to introduce specific protocol for the handling of a pancreatic specimen, RNA isolation procedure and rigorous control of RNA and cDNA quality and quantity. The appropriate choice of internal standards (reference genes) is critical for qPCR performance. Ideally, the internal standards should be constitutively expressed in all cell types under study. Internal standards should also be independent of experimental conditions and unaffected by human disease conditions. Formerly, a number of housekeeping genes, which are necessary for basic cell survival, like glucose-6-phosphate dehydrogenase (GAPDH), ribosomal RNA subunits (18S and 28S rRNA), β-actin or cyclophilins were used as reference genes. However, it has become clear that these highly popular reference genes show distinct differences in gene expression in certain tissue types and considerably vary between normal and malignant tissues [12] [13] [14] . The purpose of our study was to assess performance of 24 reference genes by qPCR in a series of 10 macrodissected pairs of pancreatic carcinomas and adjacent non-neoplastic tissues. The robustness of qPCR analysis on samples with quality unavoidably compromised by RNA degradation was assessed as a major endpoint.
Material and methods

Samples
Tissue specimens were obtained from 10 surgically treated pancreatic carcinoma patients diagnosed over a period between August 2008 and May 2010. The resection specimens were immediately transferred from the Surgery to the Pathology Department, then macrodissected, snap-frozen in liquid nitrogen and stored at −80
• C until RNA preparation. Histological diagnoses of pancreatic carcinomas including types, stages, and grades of the tumors were performed according to AJCC rules for classification [15] . Only histologically confirmed tumor and non-neoplastic tissue samples were used for RNA analysis. The following data on patients were retrieved from medical records: age, sex, date of diagnosis, pTNM stage, histological type and grade of the tumor (Table 1 ). All patients were asked to read and sign an informed consent in accordance with the requirements of the Ethical Commission of the Institute of Clinical and Experimental Medicine in Prague.
Isolation of total RNA and cDNA synthesis
Tissue samples were homogenized by mechanical disruption using Precellys instrument (Bertin Technologies, Montigny-le-Bretonneux, France) at a speed of 6,500 for 15 sec. Total RNA was isolated using Trizol Reagent according to manufacturer's protocol (Invitrogen, Carlsbad, CA) and stored at −80
• C in aliquotes. RNA quantity was assessed in duplicates by Quant-iT TM RNA Assay Kit (Invitrogen) using Infinite M200 fluorescence reader (Tecan, Vienna, Austria). RNA quality was assessed by measurement of the RNA Integrity Number (RIN) using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and RNA Nano 6000 LabChip kit (Agilent Technologies). RNA with RIN above 2.0 was used for further processing. cDNA was synthesized using RevertAid TM First Strand cDNA Synthesis Kit with random hexamer primers according to manufacturer' protocol (MBI Fermentas, Vilnius, Lithuania). For cDNA synthesis 2 μg of total RNA were reverse-transcribed in a final reaction volume of 80 μl, i.e. 25 ng/μl final concentration of cDNA at theoretical 100% efficiency. Quantity and quality of cDNA in terms of DNA contamination was then confirmed by PCR amplification of ubiquitin C fragment discriminating between products from cDNA (190 bp) and from genomic DNA (1,009 bp) as described previously [16] . All cDNA samples that were free of DNA contamination (absence of 1,009 bp band in samples incubated without reverse transcriptase) were stored at −20
• C until analysis.
Quantitative real-time PCR
qPCR was performed in 7500 Real-Time PCR System by help of TaqMan Custom Plates (Applied Biosystems, Foster City, CA). For analysis of reference genes 4x24 well format was used comprising of TaqMan Gene Expression Assays with optimized primer and probe sets ( Table 2 ). The following criteria were applied to the selection of TaqMan Gene Expression Assays: i/ exon-exon boundaries span where possible in order to minimize signals from traces of Fig. 1 . Output from geNorm. Legend: Relative quantities for the respective genes described in Table 2 were input to geNorm program. The calculation of relative quantities is described in Material and Methods. The figure represents output from the program where genes with the lowest average expression stability value (M) are the most stable ones and may serve as suitable reference genes for study of the same type of samples. Genes located in the far right part of the x-axis were selected as candidates for reference genes. The underlying principles and calculations are described in Vandesompele et al. [17] .
contaminating DNA, ii/ as short as possible amplicons and iii/ location near to 3'-end of the transcript to reduce influence of RNA quality on qPCR. Priority was given to assays from the validated endogenous control set. The list of reference genes and respective assays is given in Table 2 . Each reaction contained in total 20 μl of premixed cDNA and 2x TaqMan Gene Expression Master Mix (Applied Biosystems) in 1:1 ratio. The amount corresponding to 25 ng of total RNA used for cDNA synthesis was loaded per each sample well. Cycling parameters were: 2 min. at 50
• C and initial denaturation at 95
• C for 10 min, followed by 50 cycles consisting of denaturation at 95
• C for 15 sec and annealing at 60
• C for 60 sec.
Analyses of stability of reference genes
Firstly, ΔC q was calculated for each sample where ΔC q = C q (sample) -C q (calibrator, i.e. non-neoplastic sample with the lowest average C q from all tested samples, i.e. ZPI5). Then relative quantity Q = E ΔCq where efficiency E was considered as 100%, i.e. 2 ΔCq value was calculated and used for analysis of stability of reference genes. The study design adhered to the MIQE Guidelines (Minimum Information for Publication of Quantitative Real-Time PCR Experiments) published in 2009 [9] . geNorm version 3.5 of March 2007 [17] and NormFinder version 19 of June 2009 [18] software programs were used for evaluation of stability of reference genes according to manuals available at the website for their download. Differences between groups were analyzed by non-parametric Wilcoxon test and correlations were analyzed by non-parametric Spearman's test using SPSS version 15.0 software.
Results
RNA quantity and quality assessment
The total RNA was isolated from surgically removed tumor and non-neoplastic tissues of 10 patients with pancreatic carcinoma diagnosis. The median RIN of tumor and non-neoplastic tissue samples was 6.5 ± 1.0 (range 4.2-7.4) and of 3.3 ± 1.6 (2.1-6.5), respectively. RIN values differed significantly between tumors and non-neoplastic tissues (p = 0.005, Wilcoxon test). cD-NA was synthesized using 2 μg of total RNA. Samples free of genomic DNA contamination as assessed by PCR for ubiquitin C fragment were used for subsequent analyses. Table 2 were input to NormFinder program. The calculation of relative quantities is described in Material and Methods. The figure represents inter-group and intra-group variability among the tested samples. Candidate genes with an inter-group variation as close to zero as possible, and at the same time with the smallest errors bars possible were selected as suitable reference genes. These genes are highlighted by arrows in the figure. TFRC as alternative reference gene is highlighted by the grey arrow. The model and statistical framework underlying "NormFinder" are described in Andersen et al. [18] .
Quantitative real-time PCR
We analyzed transcript levels of 24 candidates for reference genes for qPCR studies of pancreatic tumor and non-neoplastic tissue samples. The mean raw C q values for all genes except 18S in tumors and nonneoplastic tissues were 27.06 ± 3.47 and 27.27 ± 2.88, respectively. The median raw C q values in tumors and non-neoplastic tissues were 27.02 and 27.24, respectively. The raw C q values were highly dependent on the degree of RNA degradation represented by RIN. Significant correlation of RIN with the mean of raw C q for all studied genes except 18S was observed in control tissues (p = 0.010, Fig. 3A ). Non-significant trend was found in tumors (p = 0.074, Fig. 3A ) and the effect became highly significant when all tissues were analyzed together (R 2 = 0.57, p < 0.001, data not shown). After normalization of data by calculation of C q (reference gene)/C q (18S endogenous control gene) none of the correlations with RIN remained significant (p = 0.253 in controls, p = 0.301 in tumors, and p = 0.841 in all tissues; Fig. 3B ).
Identification of reference genes
The relative quantity Q defined in Materials and Methods was used for analysis of stability of reference genes by geNorm and NormFinder. Sample ZPI5 with average C q = 25.27 ± 2.44 and RIN = 5.3 was used as calibrator. Both programs showed similar results, i.e. identified the same genes among the five most stable genes (EIF2B1, ELF1, MRPL19 and POP4) and suggested 2-3 reference gene combinations as sufficient for qPCR in pancreatic carcinoma. qPCR efficiency was then evaluated for the four best reference genes, i.e. EIF2B1, ELF1, POP4 and MRPL19 by assessment of serial dilutions of calibrator sample (ZPI5). Analysis of the efficiency, R 2 , and slope of calibration curves and C q in non-template controls (NTCs) proved that all genes were suitable for further use in qPCR as reference genes (Table 3) .
Discussion
Research of pancreatic cancer is hindered by difficulties with the recruitment of pancreatic cases with brief survival and poor performance status. Additionally, in inoperable patients (the majority in pancreatic cancer) the verification of diagnosis is complicated by the lack of pathological specimen. Moreover, pancreatic specimens present a hurdle in isolation of intact RNA due to the presence of high amounts of RNAses. Therefore, it is essential to validate the protocol of sample handling and RNA isolation from pancreatic tissues for qPCR purposes and minimize the effect of poor RNA quality. The aim of our study was to identify the most stable expressing endogenous control genes in tissue specimens from pancreatic cancer patients as potential reference genes for qPCR. Special attention was paid to the evaluation of the effect of RNA stability and assessment whether or not proper normalization can influence this effect.
We have found that under the same standard conditions of sample collection (tumor and non-neoplastic tissues macrodissected and snap frozen at the same time), storage and RNA isolation, the quality of RNA (by RIN comparison) from non-neoplastic pancreatic specimens is considerably lower than that from the respective tumor samples (p = 0.005). This was true for all of the inspected (n = 10) sample pairs and therefore we can speculate that the RNAse content may generally be higher in non-neoplastic tissues. It is assumed that the ischemia time from ligation of the duodenal/pancreatic vessels to the withdrawal of tissue for analysis is too long and causes massive RNA degradation. Since this ischemia time is an unalterable component of the operation, RNA analyses of pancreatic tissues present very difficult procedure [19] . For isolation of total RNA, Trizol Reagent-based procedure was used according to the recent literature [20, 21] . Thus, the method of RNA isolation most probably did not cause the observed differences in RNA stability between samples. Our observation confirmed the previously published results that RNA isolated from solid tissues usually has the RIN between 6 and 8, but that from gastrointestinal tract has great RIN variation with RIN around 4 under experimental conditions with bovine organs [22] . The relatively low RIN values also precluded laser capture microdissection, which lowers the RIN by 1-2 points in pancreatic specimens [21] . Fleige et al. [6] found a significant impact of RIN on results of expression analysis, mainly the quantification cycle (C q , formerly C t ) and minor effect on PCR efficiency. Antonov et al. [23] demonstrated in a biologically homogenous system of intact and partially hydrolyzed RNA derived from a cell line that degradation-related shifts of C q values can be compensated by calculating delta C q values between test genes and the mean C q values of several reference genes. These delta C q values were less sensitive to fragmentation of the RNA and were unaffected by varying amounts of input RNA [23] . In our experimental setting RIN significantly correlated with mean raw C q values of 24 tested genes. Therefore, we used normalization of data by calculation of C q (reference gene)/C q (18S endogenous control gene). This normalization abolished the observed correlation with RIN. Thus, we demonstrated that the degradationrelated C q shifts caused by RNA fragmentation can be compensated by normalizing of the C q of the reference gene and potentially the gene of interest to C q of the endogenous 18S control gene. We have screened 24 candidates for reference genes selected preferably from commercially available validated endogenous controls. There are several approaches for selection of most stable reference genes for qPCR in the literature, including the use of various programs for evaluation of results. In order to provide an overview of their performance, we have used two examples of the most frequently used software (NormFinder and geNorm) for evaluation of results. Both of these programs gave consistent results, although when rigorously evaluated, the most stable genes were not picked in the same order. However, EIF2B1, ELF1, MRPL19 and POP4 were among the first five most stable genes in both NormFinder and geNorm output. The amplification efficiency of target genes and reference genes should be tested before their use in relative quantification by qPCR. Slope and linearity of calibration curves should be analyzed as well [24] . We have shown that all selected genes perform well in qPCR (efficiency in the range 90-110%, R 2 0.998) and thus we recommend the use of these genes as reference genes for qPCR in pancreatic cancer research. Rubie et al. [25] tested 21 reference genes by qPCR in five gastrointestinal cancers. Tumor and normal tissues from 10 patients with pancreatic carcinoma were followed, amongst others. 18S-RNA, glutaminyl-tRNA synthetase (QARS), phosphomannomutase (PMM1), RNA polymerase II polypeptide L (POLR2L) and β-glucuronidase (GUSB) showed the most stable expression. Analysis of agarose gel electrophoretic profiles was used as RNA quality control instead of RIN. In this study the comparative ΔC q method was used. Results were then transformed to linear form by calculation of 2-ΔC q (mean C q pathological tissue-mean C q calibrator) [25] . Our study of the same size (n = 10) considered a bit different selection of genes (7 of 21 previously used genes were included in our study). However, GUSB was not confirmed among the five most stable genes by any of the programs used in our study. HPRT, GAPDH, PGK1, ACTB, and B2M did not perform well in both our and the previous study [25] .
The published microarray data contain more than 2,500 potential reference genes [26] . It seems intriguing to compare the results of this study with appropriate selection of the most stable reference genes from microarray data. However, the recently discussed incom-plete information on tissue composition and/or the use of well-defined tissues severely hampers any meaningful microarray data analysis and conclusive data interpretation [27] . In context with the fact that repeatability of microarray data is considered limited [28] such comparison may be an interesting goal for future investigations after major shortcomings are resolved.
In conclusion, we have identified four potential candidates as reference genes for future qPCR studies in pancreatic cancer research. We also suggest the normalization method which may reduce the effect of poor RNA quality on the quality of results.
